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Abstract 


The layered Li[Nia -»/3Mna — 3 C01 93M, ]O2 cathode materials (x = 0, 0.005, 0.01, and 0.02) were prepared by a solid-state pyrolysis method 
(700, 800, 850, and 900°C). Its structure and electrochemical properties were characterized by XRD, SEM, XPS, cyclic voltammetry, and 
charge/discharge tests. It can be learned that the doped sample of x=0.01 calcined at 800°C shows the highest first discharge capacity of 
221.6mAhg™! at a current density of 20 mA g™ in the voltage range of 2.34.6 V, and the Mo-doped samples exhibit higher discharge capacity 


and better cycle-ability than the undoped one at room temperature. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


Rechargeable lithium-ion batteries are becoming increas- 
ingly important as power sources for portable consumer elec- 
tronics. LiCoO2, which has been commercially used as a cathode 
material for Li-ion batteries, shows a stable discharge capacity. 
However, due to its high cost and toxicity, many efforts have 
been made to replace it. 

Recently, intensive effort has been directed towards the 
development of LiNi,Co,Mn;_,O2 [1-6], especially for 
Li[Niq3Mn1/3Co1/3]O2. It has a typical hexagonal a-NaFeO2 
structure with a space group of R-3m. Layer-structured 
LiL[Niq3Mn1/3Co1/3]02 has shown to be the most promising 
alternative material in terms of operating voltage, capacity, 
cycle-ability, thermal stability, and material cost [7—10]. How- 
ever, it has many problems as well, such as low rate capability 
and tap density, which should be resolved before it can be 
replaced LiCoO2. The inferior rate capability arises from the 
low electronic conductivity of LifNiq3Mn1/3Co4/3]O2 [11]. 

There are two methods to improve the electrochemical per- 
formance, one is to modify the surface properties of the cathode 
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materials by coating particles with metal oxide (ZnO, Al203, 
ZrO2, TiO2, and SiOz [12—15]) to prevent dissolution of transi- 
tion metals and unwanted reactions between cathode and elec- 
trolyte [11]; the other is to partially substitute manganese, cobalt, 
and nickel ions for transition metals, such as iron, titanium, 
molybdenum, or chromium and non-transition metals, such as 
aluminum or magnesium, which may stabilize the layered struc- 
ture with or without participating in the redox processes and 
prevent unwanted reactions between cathode and electrolyte. 
However, to the best of our knowledge, no studies on the elec- 
trochemical performance of electrode-active materials doped by 
molybdenum ions have been published. 

In this study, we employed Mo as an additional dopant 
to synthesize a series of Mo-doped Li[Niq—yy3Mnq_—yy3 
Coa-x/3Mox]O2 (x=0, 0.005, 0.01, and 0.02) powders by 
a solid-state pyrolysis reaction. The structural, morphological 
and electrochemical performance of the layered LN) an 
Mna auto. ous Mo, powders were studied in this paper. 


2. Experimental 


2.1. Synthesis of Lif Ni(j—xj3Mni1—x)/3 Co(1—xy/3Mo,x]O2 
powders 


Li[Nia vu Min x)/3 C00 x/3Mox]02 (x=0, 0.005, 0.01, 
and 0.02) powders were prepared as follows: stoichiometric 
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LiCH3COO.-2H20, Ni(CH3COO)2-4H20, Mn (CH3COO))- 
4H20, Co(CH3COO)2-4H2O (cationic molar ratio of 
Li:Ni:Mn:Co = 1.1:(1 — x)/3:(1 — x)/3:(1 — x)/3) were used 
as the starting materials. These reagents were mixed, thor- 
oughly ground and then added MoO3 with atomic ratio 
Mo/(Mn + Ni+Co+Mo)=0, 0.005, 0.01, and 0.02. The mix- 
tures were heated at 120°C for 48h to obtain the precursors. 
Precursors were thoroughly ground again and then the powder 
mixture was pressed under 30 MPa pressure into a small pellet 
and calcined at 750, 800, 850, and 900°C for 20h in air, 
respectively. 


2.2. Measurements 


X-ray diffraction measurements of the as-prepared 
Li[Nig—»3Mng—»3Coc—xy3Mox]O2 materials were carried 
out using X-ray diffraction (D/Max-2500) with Cu Ka radiation 
at room temperature. Particle morphology of the powders after 
calcination was observed using a scanning electron microscope 
(SEM, JSM 6400, JEOL, Japan). 

Power X-ray photoelectron spectra (XPS)(AXIS ULTRA 
DLD produced by Kratos company & Shimadu company, with 
monochromatic Mg Ka radiation (hv=1253.6eV)) was done 
to determine the valence of Mo. Charge reference was done 
against the binging energy (BE) of adventitious carbon (C 
1s =284.6eV). The spectra was analysed using the XPS Peak 
fit software. 

The composite positive electrodes were prepared by pressing 
a mixture of the active materials, conductive material (acety- 
lene black) and binder (PTFE) in a weight ratio of 85/10/5. 
The Li metal was used as the counter and reference electrodes. 
The electrolyte was 1M LiPF¢ in a 6/3/1 (volume ratio) mix- 
ture of ethylene carbonate (EC), propylene carbonate (PC), and 
dimethyl carbonate (DMC). The cells were assembled in an 
argon-filled dried box. Charge—discharge tests were performed 
between 2.3 and 4.6 V. Cyclic voltammetry experiments were 
performed by using a CHI660 Electrochemical Workstation at 
a scan rate of 0.1 mV s7!. All tests were performed at room 
temperature. 


3. Results and discussion 


3.1. The influence of calcined temperature on the structure 
and particle size of the doped samples 


Fig. 1 illustrates the typical XRD patterns of the syn- 
thesized Li[Nio.33Mno.33C00.33M00.01 ]O2 materials calcined at 
different temperatures of 750, 800, 850, and 900°C, respec- 
tively. Hereafter, the materials synthesized at 750, 800, 850, 
and 900°C were referred as S75, S80, S85, and S90. As 
shown in Fig. 1, all peaks are sharp and well-defined, sug- 
gesting that the compounds are generally well crystallized. All 
the samples can be indexed on the basis of the a-NaFeO2 
structure (space group: 166, R-3m). While impurity phases 
(a sawtooth peak between 20° and 23°) like LigMnO3 are 
observed for S85. The crystal structure of LigMnO3 consists 
of cubic close-packed oxide ion layers with alternate sheets 
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Fig. 1. XRD patterns of Li[Nio.33Mno.33C00.33M00.01]O2 samples calcined at 
different temperatures. 


of octahedral sites occupied by Li and [Li/3Mnz/3] [16]. As 
can be seen in Fig. 1, regardless of low calcination tem- 
perature, the peak splits of (006)/(102) and (108)/(1 10) 
are observed in all the XRD patterns, indicating that the 
layered Li[Nio.33Mno.33C00.33M00.01]O2 cathode material has 
been synthesized successfully at all the calcination temperature 
in this experiment. 

The intensity ratio of 7003/7104 which was reported to be sensi- 
tive to the degree of cation mixing in lattice and electrochemical 
properties of the material [17] was summarized in Table 1. The 
values of S75 and $90 are smaller than 1, indicating that some 
cation mixing takes place. While the values of S80 and S85 are 
larger than 1, suggesting that no undesirable cation mixing takes 
place. As mentioned above, it can be concluded that the calcined 
temperature has a significant influence on the sample structure, 
which may lead to the distinct difference in the electrochemical 
capability. 

In order to further study, the influence of the calcination 
temperature on the structure and particle size of samples, SEM 
observation was operated. Fig. 2 reveals micro morphologies of 
all samples. The thermal decomposition of precursor at 750 °C 
results in the primary formation of smaller than 1 um crystallites 
of Li[Nio.33Mno.33C00.33M00.01]02. Meanwhile some greater 
agglomerations should exhibit that not all the raw materials 
had reacted absolutely. With increasing the calcination temper- 
ature, the primary particles increase. The particle size of S80 
ranges from 2 to 3 um, nearly twice as large as that of S75. The 
morphology has better-shaped, smoother crystals with sharper 
edges. When the temperature reaches 900 °C, the morphology of 
the sample is obviously particle-agglomerated, and the primary 
particle size is more than 6 um, which might cause the elec- 
trochemical capability descend distinctly. From all mentioned 


Table 1 
Too3/Ti04. of Li[Nio.33Mno.33C00.33M00.01]O2 samples calcined at different 
temperatures 


Calcined temperature (°C) 750 800 850 900 
Joes ing 0.67 1.79 1.12 0.80 
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Fig. 2. SEM images of Li[Nio.33Mno.33C00.33M00.01]02 synthesized at 750 °C (a), 800 °C (b), 850°C (c), and 900 °C (d). 


above, it could be considered that 800°C is the best synthetic 
temperature. 


3.2. Properties of different Mo-doped samples 


Fig. 3 shows the results of XRD studies for the synthesized 
Li[Niq »/3Mnq vu Out x3Mo,]O2 (x=0, 0.005, 0.01, and 
0.02) materials at 800°C. The XRD patterns of all materi- 
als could be indexed based on the a-NaFeO? structure (space 
group: 166, R-3m). We could not observe any impurity in the 
measured range and all samples showed the integrated peak 
splits of (006)/(1 02) and (1 08)/(1 1 0) implying that a partly 
molybdenum substitution for manganese, cobalt, and nickel 
in Li[Niqa »3Mna eut on x/3Mox]02 compounds has not 
changed the bulk structure of the pristine material. 

The determined parameters are summarized in Table 2. With 
the increase of molybdenum content, the 7003/104 peak inten- 
sity ratio is 1.07, 1.56, 1.78, and 1.61, indicating that over much 
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Fig. 3. XRD patterns of Li[Niq—»3Mnq—x/3Co(1—xy3Mo,JO2 (x=0, 0.005, 
0.01, and 0.02) samples. 
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Table 2 


Chemical analysis lattice parameters of LN) —xy3Mn(1 —»/3C 01 —»/3Mo,]O2 materials synthesized at 800°C 


Samples a (A) c (A) cla vÀ? ) 1003/1104 Specific surface area (m? ein 
X=0 2.8496 14.2045 4.98 100.89 1.07 8.3 
X=0.005 2.8671 14.2443 4.97 101.41 1.56 9.1 
X=0.01 2.8684 14.2547 4.97 101.57 1.79 12.6 
X=0.02 2.8671 14.2689 4.98 101.58 1.61 8.5 


amount of molybdenum substitution should have a distinct influ- 
ence on the sample structure. Among the samples, the 7003/1104 
peak intensity ratio of x=0.01 is the highest, which might sug- 
gest that it has the best electrochemical properties. 

The data of Table 2 show that a, c parameter and the unit cell 
volume somewhat increase with increasing Mo content x. It may 
be attributed to that in the same oxidation state molybdenum ions 
(GVA = 0.62 Å ) are smaller than manganese Gen = 0.68 Å) 
ions but bigger than cobalt ions Ga = 0.545 A ) and nickel ions 


Gr = 0.56 Å )in size. While c/a ratio which indicates hexago- 
nal structure disorder is virtually unchanged. It can be concluded 
that the specific surface area increases but hexagonal ordering 
does not change with increasing Mo-doped contents. Further- 
more, a partly substituted Mo weakens the ordering degree of 
layered structure. 

Mo XPS core spectra for discharged-Li[Nio.33Mno0.33 
Coo.33M0ọ0.01]02 material is showed in Fig. A The Mo spec- 
tra appears complicated, which can be deconvoluted into four 
well-defined contributions. The four peaks, centred at 235.6, 
232.3, 233.9, and 230.7 eV, correspond to Mo®*t (3d3/2), Mo®* 
(3d5/2), Mo** (343/2), and Mol" (3d5/2) [18-21], respectively. 
It reveals that the Mo* ions are partly changed into Mo** ions 
after the material discharged. The data suggest that the doped 
samples clearly exhibit enhanced capacity during cycling, not 
only because the doped samples allows Li* ions to be extracted 
more [22], but also because the reduction of Mo® to Mot 
increases the resulting capacity. 

Fig. 5 compares the cyclic voltammograms of the 
Li[Niqa »/3Mna x)/3C0(1 x)/3Mox]O2 (x=0, 0.005, 0.01, and 
0.02) samples obtained at a scan rate of 0.1 mV s~!, between 2.3 


Mo(6+)3d5/2 


= 1000 

N 

E 

g 800 Mo(6+)3d3/2 

D 

> 

$ 600 

KE Mo(4+)3d3/2 
Z Mo(4+)3d5/2 


224 226 228 230 232 234 236 238 240 242 
Eb/eV 


Fig. 4. XPS spectra of Mo of discharged-Li[Nio zs Mno 33 C00,33 Moo,01 102. 


and 4.6 V at room temperature. As shown, the intensity of anodic 
peaks shows much more increase than that of cathodic peaks as 
the value of x increased from 0 to 0.02. It indicates that the initial 
discharge capacity of Mo-doped samples are higher than that of 
pristine material with less irreversible capacity, then the coulom- 
bic efficiency of the electrode also increases. When x = 0, anodic 
peak is observed at about 4.0 V during the first charge. The main 
oxidation peak (anodic peak) of all Mo-doped samples slightly 
shift to lower voltage about 3.7-3.8 V. It has been well known 
that Ni?*/Ni** coupling is electrochemical redox process in the 
3.6-3.8 V for Li[Nii3Mn13C01/3]02 systems. 

It can be concluded that the polarization of samples decreases 
along with the increase of molybdenum amount, which prob- 
ably due to the decreasing in cell resistant. The data in 
Table 2 show that the samples with higher Mo-doped con- 
tents have larger specific surface area, leading to less cell 
resistant. These observations suggest that Mo substitution 
induces some structural ordering or a reduction of stack- 
ing faults during the first Li de-intercalation in the case of 
Li[Niqa »/3Mnq x)/3 C00 x»/3Mox]02 [23], resulting in the 
increase of the first specific discharge capacity and coulombic 
efficiency of the electrode. 

Fig. 6 compares the initial charge—discharge curves of the 
Li[Niq vu Min ut on x/3Mox]02 (x=0, 0.005, 0.01, and 
0.02) with current density of 20 mA g7! between 2.3 and 4.6 V 
at room temperature. The cell voltage of the samples rapidly 
increases to about 3.7 V and then holds at about 3.7-3.8 V at 
which Ohzuku and co-workers [24] reported the oxidation of 
Ni2* to Nit occurred. Moreover, the electrodes composed 
of Mo-doped samples show longer voltage plateaus and 
higher discharge voltage plateaus than the pristine material, 
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Fig. 5. Cyclic voltammogram of samples doped and undoped with Mo. 
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Fig. 6. Initial charge and discharge curves of different doped samples. 


illuminating that a partly substituted molybdenum samples have 
lower resistance, and could deliver a higher specific discharge 
capacity. 

Fig. 7 compares cycle stability of four samples at room tem- 
perature. As shown in Fig. 7, all of the Mo-doped samples deliver 
better cyclic performance and higher initial discharge capacity. 
The highest initial discharge capacity of 221.6 mAh g7! together 
with the best cyclic performance is obtained at x = 0.01. And after 
50 cycles, its discharge capacity is 185.9 mAh g7!, and it has a 
least irreversible capacity loss of 16.1%. Therefore, the appro- 
priate doping of molybdenum could give more advantage than 
surface area and lithium content. It also can be concluded that 
the proper doping of molybdenum can exert significant influ- 
ence on the structure of these samples, which could affect the 
electrochemical performance. 

In order to investigate the rate capability of the Li[Niq—»3 
Mna auto -—uzMochiz (x=0, 0.01, and 0.02), we applied 
various current densities of 30, 60, 120, 240, and 360 mA SC? 
for charge—discharge in the voltage range of 2.3-4.6 V. As shown 
in Fig. 8, when x=0.01, electrode exhibits a higher discharge 
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Fig. 7. Cycling performances of different Mo-doped samples. 
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Fig. 8. The capacity retention of Li/Li[Niq-—x3Mn(1 -x3 C0(1—x)3 Mox]02 
(x=0, 0.01, and 0.02) cells during cycling at various rates in the voltage range 
of 2.3—4.6 V at room temperature. 


capacity and better cycle-ability than that of the other electrodes 
at each current rate. The data thus demonstrate that the proper 
molybdenum substitution improves the cycle stability of the 
cathode materials at high rates. The best rate capability of sample 
of x=0.01 than that of other samples is due to its small particle 
size and large specific surface. 


4. Conclusion 


The layered Li[Nia x»/3 Mna vu on /3Mo,]O2 (x= 0, 
0.005, 0.01, and 0.02) cathodes have been synthesized by solid- 
state pyrolysis method at different temperatures (750, 800, 850, 
and 900°C). The difference in various amounts of molybde- 
num substitution and calcined temperatures results in different 
morphology (shape, particle size, and specific surface area) 
and thereby different initial discharge capacity and the circular 
stability. Based upon the results of the electrochemical exper- 
iments, we can find that the ideal synthesized condition was 
800°C and the best amount of Mo substitution was x=0.01. 
It shows the highest first discharge capacity of 221.6 mAh g~! 
(2.3-4.6 V, 20mA g7!) and the smallest irreversible capacity 
loss of 16.1%. Besides, it has better cycle-ability at high current 
densities at room temperature. 
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